Introduction
IL-7 is a non-redundant trophic factor for immune cell development that acts primarily by promoting cell survival 1, 2 . In the thymus, IL-7 is produced by stromal cells (primarily, MHC class II-positive epithelial cells) and effective concentrations are achieved only locally, perhaps by retention in extracellular matrix glycosaminoglycans 3 .
The receptor for IL-7 is a heterodimer of an α subunit (IL-7Rα or CD127) and the cytokine receptor common γ chain (γc) 4, 5 . The latter is shared by other cytokine receptors, including those for IL-2, IL-4, IL-9, IL-15, and IL-21 6, 7 . Heterodimerization of IL-7Rα and γc upon IL-7 binding exposes tyrosines in the intracellular region of IL-7Rα to the γc-associated Janus kinase 3 (Jak3), permitting their phosphorylation, recruitment of Jak1, and subsequent activation of the Jak/STAT signaling pathway. It has been reported that phosphatidylinositol-3 kinase is also recruited to IL-7Rα and that Src kinases are activated, which presumably also contributes to survival, proliferation, and/or differentiation 8 .
Reduction of physiologic IL-7 signaling has severe repercussions in immune system development. IL-7 knockout mice have a 20-fold decrease in thymic size and a vastly constricted peripheral T cell pool 1 , similar to γc-deficient animals 9 . Unlike humans, IL-7 deficiency in mice is accompanied by B cell developmental arrest 1 . Compared to and γc knockouts, IL-7Rα-deficient mice have an even more striking paucity of T and B cells, arguing for a role for a IL-7R ligand other than IL-7, which has been attributed to TSLP [10] [11] [12] . In these mice, γδ T cells are completely absent due to the absence of TCRγ rearrangement 13 . Thus far, five IL-7 Tg mice have been described [14] [15] [16] [17] [18] . When placed only.
For personal use at PENN STATE UNIVERSITY on . bloodjournal.hematologylibrary.org From 4 under the control of an MHC-II promoter, IL-7 overexpression resulted in a 30-fold increase in peripheral T and B cells without affecting thymic cellularity or CD4/CD8 ratios 14 . On the other hand, when driven by the IgH promoter and enhancer IL-7 overproducing animals had a small thymus (5-6 fold decrease) with an almost completely absent DP population, and a lymphoproliferative disorder in the periphery with T and B cell lymphomas 15 .
IL-7Rα is expressed on T-, B-, and NK-lineage cells. It can first be detected on common lymphoid progenitor (CLP) cells in bone marrow (BM), and its levels are tightly regulated during lymphocyte development, with alterations depending on cell maturity and activation status 19 . Recently, it has been suggested that early thymic progenitors that give rise to T-lineage cells do not express measurable levels of IL-7R and are not IL-7-responsive, and thus may be derived independently from CLPs or have downregulated the receptor 20 . Once committed to the T-lineage, IL-7R levels are tightly regulated: high levels of expression are found on CD4 thymocytes do not express IL-7R at detectable levels. IL-7R levels increase once again on thymocytes undergoing positive selection and mature SP cells, and remain high on peripheral T cells 3, 21 unless activated 22, 23 . IL-7 production is also tightly regulated during ontogeny, with peak production in fetal development accompanied with massive thymic expansion, and a substantial decrease in the aging thymus 24 .
The tight coordination of IL-7R levels with state of T cell maturation strongly suggests that the precise regulation of IL-7R signaling is necessary for normal T cell development. Given that IL-7 has pro-survival functions, one obvious and intriguing possibility is that loss of IL-7R on DP thymocytes is required to allow antigen-specific Tg mice were bred in NCI animal facility to C57BL/6 mice and carried as heterozygotes.
TCR-Cyt-5CC7-I/Rag2 (5CC7) mice were obtained from Taconic (Germantown, NY) and bred to IL-7Rα Tg mice. IL-7 Tg mice (designated IL-7-TgA) on the C57BL/6 background were generated as described 18 , and crossed to IL-7Rα Tg mice in our animal facility.
Fetal Thymic Organ Culture and Deletion Assays
Fetal thymi from C57BL/6 x IL-7Rα Tg and 5CC7 x IL-7Rα Tg mating were recovered from embryos at gestational days 15-16. Thymic lobes were placed on Millipore filters floating on a Gelfoam sponge in RPMI 1640 (Biofluids; Gaithersburg, MD) supplemented with 10% heat-inactivated fetal calf serum, 100 U/ml penicillin, 4 mM only.
For personal use at PENN STATE UNIVERSITY on February 23, 2013. bloodjournal.hematologylibrary.org From 8 glutamine, 10 mM sodium pyruvate, non-essential amino acids, and 5 µM 2-mercaptoethanol (complete medium). For deletion assays thymic lobes were cultured for 3 days and then 10 µg/ml of anti TCRβ (H57-597) or 0.1 to 1 µM MCC peptide was added to lobes originating from C57BL/6 x IL-7Rα Tg and TCR-5CC7 x IL-7Rα matings, respectively. Thymic lobes were harvested 24 hours after deletion initiation. To some cultures, recombinant mouse or human IL-7 was added at a final concentration of 10 ng/ml.
Cell Staining and Flow Cytometry
Thymocytes were stained for surface markers for 45 min on ice in the presence of 
TUNEL Assay
Terminal deoxytransferase nick end labeling (TUNEL) was performed on thymocytes isolated from 6-10 wk old C57BL/6 and IL-7Rα Tg mice and cultured in complete medium for 12-24 hr with or without recombinant mouse IL-7 (3-10 ng/ml). Upon washing, cells were stained with surface markers and TUNEL assay was performed with Pharmingen Apo-Direct (San Diego, CA) kit by manufacturer's instructions.
Preparation of Bone Marrow Chimeras
Bone marrow (BM) donors were IL-7Rα Tg and congenic C57BL/6.Ly5. 
Results

Expression of a functional transgenic IL-7Rα
A cDNA expression vector was made in which murine IL-7Rα was placed under the control of the human CD2 promoter to ensure expression of the transgene solely in the T cell lineage. This construct was injected into C57BL/6 oocytes, generating seven mice that were Southern blot-positive for the transgene. Three of these animals were selected as founders for further study: two had a high level of transgene incorporation (C10 and B1) and one had less (D4) (data not shown). IL-7Rα surface expression on thymocytes from representative mice from each founder is shown ( Figure 1A ). The ratios of the major thymocyte subpopulations (DN, DP, and SP) in the mice at 10 days of age were similar in all of the mice, indicating that the transgene did not have a major effect on early T cell development ( Figure 1B ). The relative levels of IL-7R on the surface of different thymocyte subpopulations were assessed ( Figure 1C ). As previously shown, IL-7R is highly expressed on DN cells in wild type mice, absent on DP cells, and present once again on SP cells 3 . B1 ( Figure 1C ) and C10 (data not shown) founders expressed IL-7Rα levels that were approximately 5 times higher than physiologic levels on DN and SP cells, while the D4 founder had approximately 3 times the normal level. Importantly, and as expected because of the CD2 promoter, transgenic IL-7R was expressed on DP cells. Similar relative expression levels were observed throughout development.
Although Tg IL-7Rα was expressed on DP cells, it is possible that it might not function when expressed in this thymocyte subset. This could occur, for example, if the common γ chain was limiting in DP cells. To determine if the IL-7R was functional on only.
For personal use at PENN STATE UNIVERSITY on February 23, 2013. bloodjournal.hematologylibrary.org From 11 DP cells, we measured IL-7-induced upregulation of Bcl-2, which is thought to be one of the major mechanisms by which IL-7 exerts its pro-survival activity. Intracellular staining with antibodies against Bcl-2 and quantitation by flow cytometry facilitates detection of IL-7 responsiveness in distinct thymocyte subsets 26, 27 . As previously shown 26, 28 , gated wild type DP cells (Figure 2 ) had almost unmeasurable basal levels of Bcl-2 (left panel), and there was little if any change after the addition of recombinant mouse IL-7 (right panel). Bcl-2 in cultured DP cells from IL-7Rα Tg mice was also largely undetectable.
Importantly, a large number of IL-7Rα Tg DP thymocytes responded to IL-7 stimulation by upregulating Bcl-2 (right panel). Thus, the transgenic IL-7R is functional in DP cells.
Negative selection is not perturbed in IL-7Rα Tg mice
To determine the possible impact of enforced IL-7R expression on DP cells in development and negative selection, we quantitated the cellularity of fetal thymic organ cultures (FTOCs) 29 . Thymi of IL-7Rα Tg mice taken on fetal day 15-16 and cultured for 4 days were similar to or slightly smaller than wild type thymi ( Figure 3A and B).
Treatment of FTOCs with antibodies against TCRβ results in deletion of cells that
successfully rearranged TCRβ genes, and is a commonly used model for negative selection 30, 31 . As expected, stimulation of wild type thymi with anti-TCRβ resulted in deletion. Notably, there was no difference between the deletion observed with wild type and with IL-7Rα Tg thymi ( Figure 3A) . Another, more physiologic, model of negative selection is to provide specific antigen to thymocytes expressing a complementary TCR.
To this end, IL-7Rα Tg animals were bred to 5CC7 mice, which express a transgenic αβ TCR that recognizes a cytochrome c peptide presented by the MHC class II molecule I-E k only.
For personal use at PENN STATE UNIVERSITY on February 23, 2013. bloodjournal.hematologylibrary.org From 12 32 . In this instance, deletion can be induced by adding moth cytochrome c peptide 88-103 to the FTOC. Thymocyte numbers were similar in 5CC7 and 5CC7 /IL-7R Tg mice after 4 days of culture ( Figure 3B ). Moreover, antigen-induced deletion was identical between the two groups. To address the possibility that IL-7 was a limiting factor in these FTOCs, exogenous IL-7 was added to FTOCs of IL-7R Tg thymi with or without anti-TCRβ ( Figure 3C ). The supplemental IL-7 did not influence cell number over the course of the 4 day culture. Moreover, it did not prevent stimulation with anti-TCRβ from causing deletion, as the recovery in the presence of IL-7 was equivalent to non-supplemented cultures. Together, these data argue strongly that the presence of IL-7R on DP cells does not have a marked effect on early thymocyte development or negative selection.
Age-dependent thymic hypoplasia in IL-7Rα Tg mice
The analysis of fetal thymi revealed no obvious phenotypic differences between wild type and IL-7Rα Tg mice. However, we were surprised to observe that Tg thymocyte numbers decreased compared to wild type as the mice grew older. Thymocyte numbers in fetuses and young animals up to one week of age were similar between IL-7R Tg and wild type mice ( Figure 4A 6 per animal in all IL-7R Tg mice ( Figure 4A ), and this dichotomy remained as mice aged (data not shown). The CD4/CD8 profiles were largely similar in adult mice (Fig 4B) , although we consistently observed a slightly lower percentage of cells in the DN gate. To further explore differences in immature thymocytes, we narrowed the focus to αβ T cell precursors by excluding myeloid, B-lineage, NK and NKT, and TCRγδ-positive cells 33, 34 . Such an analysis revealed a large decrease in DN absolute numbers in the IL-7Rα Tg thymi (Fig 4C) Figure   4D ). Therefore, the block in the DN2/DN3 → DN4 progression cannot be explained by the timing of expression of the Tg receptor.
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For
DN cells in Tg thymus show evidence of IL-7 starvation
Given that IL-7 signaling results in upregulation of the anti-apoptotic molecule Bcl-2 and that addition of IL-7 to FTOC had no deleterious effect on fetal thymocyte development, the observation that enforced expression of IL-7R on DP cells resulted in thymic hypoplasia was unexpected. Furthermore, the finding that DN cells were partially blocked at the CD25 + stage resembles the phenotype observed in IL-7R-deficient animals 36, 37. This raised the possibility that the reduced cell numbers in adult IL-7Rα Tg thymi could be due to competition for endogenously-produced IL-7 by the increased numbers of IL-7R-bearing DP cells. If so, the cause of thymic hypoplasia could be lack of proliferation and/or enhanced apoptosis of DN thymocytes. Because enhanced survival via IL-7 signaling is mediated, at least in part, by upregulation of Bcl-2 27, 38 , we measured Bcl-2 levels in DN cells that were treated or not with exogenous IL-7.
Thymocytes were maintained in suspension culture for 18 hr in the absence or presence of recombinant mouse IL-7 (Fig 5) . Strikingly, basal Bcl-2 levels in Tg DN cells were much lower than their wild type counterparts (Fig 5, left panel) . This was completely rectified by the addition of IL-7 to the culture, which resulted in upregulation of Bcl-2 in IL-7Rα Tg DN cells to levels similar to wild type cells (Fig 5, right panel) . These data suggest that DN cells in the IL-7Rα Tg mice are "starved" for IL-7.
IL-7Rα Tg DN cells are prone to spontaneous apoptosis
Because Bcl-2 is a potent anti-apoptotic effector, we quantitated DN cell apoptosis by TUNEL, an assay that measures DNA nicking and fragmentation 39, 40 . Thymocytes were placed in suspension culture with or without IL-7 for 22 hr (Figure 6) (Fig 6A, lower left panel) .
Furthermore, exogenous IL-7 resulted in extensive protection from apoptosis, which was even more apparent in IL-7R Tg than wild type cells (Fig 6A, right panels) . Thus, it is likely that DN cells from IL-7Rα Tg mice are functionally deprived of IL-7. 
The effect of IL-7R expression on DP cells is not cell autonomous and is mitigated by additional IL-7
If the thymus in IL-7Rα Tg mice is small because of competition between DN and DP cells for limiting amounts of IL-7, one would expect that the effect would not be cell autonomous (i.e., in a mixed environment both wild type and IL-7Rα Tg thymocytes Notably, B1 x IL-7-TgA mice had thymi that were approximately 2.5-fold larger than B1.
These numbers approached but did not quite reach the levels seen in wild type thymi, suggesting that IL-7 is still limiting, although to a much smaller degree.
Discussion
Thymic IL-7 production and T-lineage IL-7R expression are tightly regulated throughout ontogeny. In the developing thymus, the earliest IL-7 production can be observed on embryonic day 12, peaks on day 15, and subsequently decreases over the following 5 days 43, 44 . At the other extreme, the loss of function in an aging thymus correlates with a decrease of IL-7 secretion by epithelial cells 45 . Although epithelial cell numbers do not appear to change with age, IL-7 expression significantly declines. Antibody blocking experiments and IL-7 or IL-7Rα knockout mice have defined an early developmental checkpoint at which IL-7 signaling is critically required and where most thymocyte division occurs: DN2 and late DN3 (i.e. prior to or just following TCRβ or TCRγ rearrangement) 27, 46 . The profound block in thymocyte progression that occurs in IL-7R-deficient mice can be partially bypassed by the expression of a transgenic αβTCR . IL-7R provides survival signals to peripheral T cells, especially those destined to be memory cells 21, 54 .
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These observations provide multiple rationales for the upregulation and maintenance of high levels of IL-7R on antigen-selected thymocytes and peripheral T cells. But one is left with the intriguing question of why there is a need for carefully coordinated and massive downregulation of IL-7R when cells pass from the DN to the DP stage. One possibility is that the downregulation follows efficient TCRβ rearrangement and pre-TCR-dependent expression, and that once pre-TCR is able to signal IL-7 becomes dispensable for survival. Downregulation of IL-7R in this case may be a mechanism to limit the continued expansion of DN/early DP clones, which if unchecked might have a deleterious effect on repertoire diversity because a relatively few clones would expand to fill the DP compartment. Another possibility is that for efficient negative selection to occur, DP cells must lose the IL-7R and, thus, the anti-apoptotic signals it provides 25 . To investigate these and other possible reasons for IL-7R downregulation in thymocyte development, we generated IL-7Rα Tg mice in which expression was not subject to the normal pattern of developmental regulation. Perhaps surprisingly, studies with these animals do not support either of the possibilities mentioned above. There was no expansion of the DN or DP compartment, even in fetal thymi. Furthermore, there was no disturbance of development in different models of antigen-specific negative selection.
Therefore, we conclude that IL-7R downregulation in DP cells is not vital for preventing DN cell expansion or for antigen-specific selection.
Despite normal early development, absolute thymocyte numbers in the IL-7Rα Tg mice decreased as a function of age. The most marked differences between wild type and IL-7Rα Tg mice occurred at a time corresponding to the rapid expansion of the thymus.
Moreover, thymocytes showed evidence of IL-7 starvation, with diminished Bcl-2 levels . The DP cells expressed IL-7R levels similar to, or slightly less than, normal DN cell levels, and the thymus size was decreased by 25-30%. Together, these data support the notion that expression of IL-7R on DP cells, even at relatively low levels, is sufficient to compete for limiting amounts of endogenous IL-7.
Although TSLP is also a ligand for the IL-7R, it is unlikely that depletion of this cytokine is responsible for the thymic phenotype, because TSLP has only minor effects on thymic development 57 and, more importantly, thymic hypoplasia in our IL-7R Tg mice was reversed by introducing the IL-7 transgene. Thymocytes from young adult mice as described for Figure 2 were treated with vehicle control (DMSO; left panels) or 3 ng/ml IL-7 (right panels) and stained for Bcl-2.
Wild type (thin line), D4 Tg cells (dashed line) and C10 Tg cells (thick line) are shown with DP cells serving as a control (dotted line). Similar results were obtained from 4 independent experiments and at doses of IL-7 from 3-10 ng/ml, equal effect was observed. For personal use at PENN STATE UNIVERSITY on February 23, 2013. bloodjournal.hematologylibrary.org From
